Introduction {#Sec1}
============

Adults with relapsed or refractory (R/R) acute lymphoblastic leukemia (ALL) face a poor prognosis. With salvage chemotherapy, complete remission (CR) rates range from 18 to 44%, with median overall survival (OS) approximately 3--6 months^[@CR1]--[@CR4]^. Particularly for older adults, hematopoietic stem cell transplantation (HSCT) remains the established, potentially curative treatment; however, remission is typically required for HSCT to proceed. Improved therapies are therefore needed to increase remission rates, bridge patients to transplant, and improve survival in adults with R/R ALL.

Outcomes may be even poorer among R/R ALL patients with high disease burden^[@CR5],[@CR6]^. Although there is no agreed measure of disease burden, some trials define high disease burden as bone marrow blast percentage (BMB) ≥50%, which is common among patients with R/R disease^[@CR5],[@CR7]^. High BMB% has been associated with poor efficacy^[@CR5],[@CR6],[@CR8],[@CR9]^ and safety outcomes^[@CR6],[@CR10]^. The presence of extramedullary disease (EMD) can also be a surrogate for disease burden, and has been associated with poor efficacy outcomes^[@CR8]^. Thus, there is an even greater need for more effective therapies to improve outcomes among adult patients with R/R ALL and high disease burden.

Inotuzumab ozogamicin (InO) is a calicheamicin-conjugated antibody targeting CD22 on B-cell ALL cells, and is approved for R/R B-cell precursor ALL^[@CR11],[@CR12]^. In the phase 3 randomized INO-VATE trial, patients with R/R ALL had improved CR/CR with incomplete hematologic recovery (CRi) rates in the InO vs. SC arm, irrespective of disease burden (\<50% BMB: 86.7% vs. 41.4%, ≥50% BMB: 77.9% vs. 24.4%)^[@CR7]^. Similarly, a phase 2 trial demonstrated achievement of minimal residual disease (MRD) negativity in patients with various BMB%^[@CR13]^. It is not known whether outcomes differ for patients with a higher BMB% (\>90%), or whether these findings on CR/CRi rate and MRD negativity translate to other endpoints, including HSCT rate, OS, progression-free survival (PFS), and safety profile. It is also not known whether outcomes differ for patients with EMD or lymphoblastic lymphoma (LBL).

In this post hoc analysis of INO-VATE, our focus was to determine whether InO treatment remains efficacious and retains a similar safety profile for adult patients with R/R ALL with high baseline disease burden (defined herein as BMB \> 90%). We also endeavored to determine whether CR/CRi rate and MRD negativity improvements affect other endpoints, including HSCT rate, PFS, OS, and safety profile. We report efficacy and safety outcomes for adult patients with R/R ALL by low, moderate, or high disease burden subgroup, as defined by BMB%. We also present additional analyses by baseline peripheral blast count and for patients with EMD/LBL. We report results of the primary endpoints of CR/CRi and OS, as well as secondary outcomes, including MRD negativity, HSCT rate, PFS, and adverse events (AEs). Data presented are from the final study database (through to January 4, 2017).

Methods {#Sec2}
=======

Patients and treatment {#Sec3}
----------------------

The global, randomized, open-label phase 3 INO-VATE study recruited 326 adult patients (aged ≥ 18 years) with CD22-positive B-cell ALL in first or second salvage. Patients could be Philadelphia-chromosome positive or negative. Patients who had ALL with EMD (and ≥5% BMB) were eligible to enroll, although patients with isolated extramedullary relapse were not eligible. Patients with documented LBL and ≥5% BMB at baseline assessment were also included. Patients were stratified by age (\<55 vs. ≥55 years), salvage status (first or second salvage), and duration of first remission (\<12 vs. ≥12 months). Patients were then randomized 1:1, using randomly permuted blocks within strata, to receive InO (*n* = 164) or SC (*n* = 162) treatment. Patient disposition and sample size determination were previously published^[@CR7],[@CR14]^.

Patient BMB% was determined locally by morphologic assessment of bone marrow aspirate (or biopsy if clinically indicated). Patients with BMB% \<50%, 50--90%, or \>90% were categorized as having a low, moderate, or high disease burden, respectively. Patients with ALL and suspected or known EMD underwent imaging (e.g., magnetic resonance imaging or computerized tomography) to confirm EMD status before commencing study therapy and again during assessment of response. Baseline imaging was not required for patients with LBL, or for patients not suspected of having EMD. Patients with central nervous system involvement or an elevated peripheral absolute blast count ≥10 000/µL on the day of randomization were not enrolled (within 2 weeks of randomization, treatment to lower white blood cell count to below 10 000/µL, including steroids, hydroxyurea, or vincristine, was permitted). Patients who developed central nervous system disease during the study were assessed as having disease progression and treated in accordance with the investigator's discretion.

Patients in the InO arm received 1.8 mg/m^2^ of InO intravenously each cycle, for a maximum of 6 cycles. Cycles lasted 21 days (cycle 1) or 28 days (subsequent cycles). Patients received 0.8 mg/m^2^ on day 1 and 0.5 mg/m^2^ on days 8 and 15. The day 1 dosage was reduced to 0.5 mg/m^2^ in patients achieving CR/CRi. Patients in the SC arm received the investigator's choice of chemotherapy, including FLAG (fludarabine, cytarabine, and granulocyte colony-stimulating factor \[GCSF\]), cytarabine plus mitoxantrone, or high-dose cytarabine. Details of SC arm dosing regimens are provided in Supplementary Information (SI) Methods. Additional methodological details, including dose modifications, criteria for discontinuation, and patient monitoring schedules, have been previously published^[@CR7]^.

The INO-VATE study is registered on ClinicalTrials.gov, NCT01564784. All patients provided written, informed consent, in accordance with the Declaration of Helsinki. The protocol was approved by an institutional review board and/or independent ethics committee at each trial center. All patients discontinued from the study by the last patient/last visit date of January 4, 2017. All authors had full access to all study data.

Efficacy {#Sec4}
--------

Efficacy endpoints are reported in the intent-to-treat population, which consists of all randomized patients. The primary efficacy endpoints were OS and CR/CRi rate. OS was measured from the date of randomization to the date of death from any cause. Patients were followed for OS for up to 5 years or up to 2 years following randomization of the last patient (whichever occurred first). CR was defined as: \<5% BMB, no leukemic blasts in peripheral blood, absolute neutrophil count ≥1000/μL, platelet count ≥100 000/μL, and the absence of EMD. The definition of CRi was the same as that for CR except with absolute neutrophil count \<1000/μL and/or platelet count \<100 000/μL. The secondary efficacy endpoints were PFS, MRD negativity, duration of remission (DoR), and HSCT rate, with definitions as previously described^[@CR7]^.

Outcomes are reported according to the low, moderate, and high BMB% categories described above. CR/CRi and MRD negativity rates are presented for patients with baseline peripheral blast counts of 0/µL, \>0 to 1000/µL, or \>1000/µL. Efficacy outcomes are also presented for a group of patients who had either ALL with EMD at baseline or documented LBL. SAS statistical software (v9.1 or later; SAS Institute, Cary, NC) was used for all calculations. OS and PFS were calculated using Kaplan--Meier methods. Unstratified hazard ratio (HR) and 97.5% confidence interval (CI) were calculated using the Cox proportional hazard model. *P*-values were calculated using a one-sided unstratified log-rank test.

Safety {#Sec5}
------

Safety outcomes are reported for the safety population (all patients who received one or more dose of study drug) and grouped according to BMB% subgroups. AEs were categorized using the Medical Dictionary for Regulatory Activities (MedDRA) coding dictionary v19.1, and graded in accordance with the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE), v3.0. Treatment-emergent AEs (TEAEs) included AEs that occurred on or after the first dose but within 42 days of the last dose, and all subsequent treatment-related AEs. All veno-occlusive disease/sinusoidal obstruction syndrome (VOD/SOS) events within 2 years of the date of randomization were included, irrespective of causal attribution to study treatment.

Results {#Sec6}
=======

Patients and treatment {#Sec7}
----------------------

Subgroup size and patient demographic and disease characteristics were well balanced between treatment arms (SI Table S[1](#MOESM2){ref-type="media"}). In the InO vs. SC arm, 53 vs. 48, 79 vs. 83, and 30 vs. 30 patients had a BMB% \< 50%, 50--90%, and \>90%, respectively. The median (range) BMB% was 26% (5--48%), 78% (50--90%), and 95% (91--100%) in the low, moderate, and high disease burden subgroups, respectively. Among patients in the InO vs. SC arm, baseline peripheral blast counts were 0/µL, \>0--1000/µL, and \>1000/µL in 71 vs. 74, 37 vs. 44, and 55 vs. 41 patients, respectively. At baseline, R/R ALL with EMD was identified in seven vs. five InO-arm vs. SC-arm patients; 11 and six patients, respectively, had documented LBL. For patients who had ALL with EMD, the most common tumor location was the lymph nodes (SI Table S[2](#MOESM2){ref-type="media"}). Six non-nodal disease cases were identified.

Efficacy {#Sec8}
--------

Remission rates in the InO arm were significantly higher than those in the SC arm and were similar in all categories of disease burden, whereas response rates in the SC arm declined with increasing disease burden. In the InO vs. SC arm, 73.6% vs. 45.8% (*p* = 0.0022), 74.7% vs. 26.5% (*p* \< 0.0001), and 70.0% vs. 16.7% (*p* \< 0.0001) of patients with low, moderate, and high BMB%, respectively, achieved CR/CRi (Table [1](#Tab1){ref-type="table"}). Response rates were significantly lower in the high vs. low disease burden subgroup in the SC arm (*p* = 0.0042), but not in the InO arm (*p* = 0.3630).Table 1Efficacy outcomes by disease burden.BMB \< 50%BMB 50--90%BMB \> 90%InO (*n* = 53)SC (*n* = 48)InO (*n* = 79)SC (*n* = 83)InO (*n* = 30)SC (*n* = 30)CR/CRi, *n* (%) \[95% CI\]39 (73.6)22 (45.8)59 (74.7)22 (26.5)21 (70.0)5 (16.7)\[59.7--84.7\]\[31.4--60.8\]\[63.6--83.8\]\[17.4--37.3\]\[50.6--85.3\]\[5.6--34.7\] Rate difference (97.5% CI), %28 (7--49)48 (33--64)53 (29--78)* P*-value0.0022\<0.0001\<0.0001CR, *n* (%) \[95% CI\]17 (32.1)8 (16.7)30 (38.0)14 (16.9)8 (26.7)3 (10.0)\[19.9--46.3\]\[7.5--30.2\]\[27.3--49.6\]\[9.5--26.7\]\[12.3--45.9\]\[2.1--26.5\] Rate difference (97.5% CI), %15 (--3 to 34)21 (6 to 36)17 (--5 to 39)* P*-value0.03660.00130.0903CRi, *n* (%) \[95% CI\]22 (41.5)14 (29.2)29 (36.7)8 (9.6)13 (43.3)2 (6.7)\[28.1--55.9\]\[17.0--44.1\]\[26.1--48.3\]\[4.3--18.1\]\[25.5--62.6\]\[0.8--22.1\] Rate difference (97.5% CI), %12 (--9 to 34)27 (13 to 41)37 (14 to 59)* P*-value0.0979\<0.00010.0011OS, median (95% CI), mo7.49.17.77.17.33.9(5.2--11.5)(4.6--13.8)(5.8--10.8)(4.9--9.4)(4.7--11.8)(2.1--5.0) HR (97.5% CI)0.643 (0.385--1.074)0.806 (0.542--1.198)0.601 (0.320--1.129)* P-*value0.02600.11090.0335PFS, median (95% CI), mo5.42.351.83.61.3(3.4--7.4)(1.4--2.9)(3.5--6.0)(1.4--2.3)(2.2--6.2)(0.8--2.1) HR (97.5% CI)0.439 (0.262--0.735)0.502 (0.336--0.750)0.332 (0.161--0.686)* P*-value0.0001\<0.00010.0002MRD negativity, *n*/*N*^*a*^ (%) \[95% CI\]28/39 (71.8)8/22 (36.4)48/59 (81.4)9/22 (40.9)16/21 (76.2)2/5 (40.0)\[55.1--85.0\]\[17.2--59.3\]\[69.1--90.3\]\[20.7--63.6\]\[52.8--91.8\]\[5.3--85.3\]* P*-value0.00340.00020.1503Subsequent HSCT at any time, *n* (%) \[95% CI\]27 (50.9)13 (27.1)38 (48.1)22 (26.5)14 (46.7)1 (3.3)\[36.8--64.9\]\[15.3--41.8\]\[36.7--59.6\]\[17.4--37.3\]\[28.3--65.7\]\[0.1--17.2\]Data represent the intent-to-treat population.*BMB* bone marrow blast, *CI* confidence interval, *CR/CRi* complete remission/complete remission with incomplete hematologic recovery, *HR* hazard ratio, *HSCT* hematopoietic stem cell transplantation, *MRD* minimal residual disease, *OS* overall survival, *PFS* progression-free survival.^a^*N* = number of patients achieving CR/CRi in each treatment arm in the respective BMB subgroup.

MRD negativity among patients achieving CR/CRi was also higher in the InO arm compared with the SC arm, and did not appear to vary with disease burden. Among patients who achieved CR/CRi, MRD negativity was achieved by 71.8% (*n* = 28/39) vs. 36.4% (*n* = 8/22), 81.4% (*n* = 48/59) vs. 40.9% (*n* = 9/22), and 76.2% (*n* = 16/21) vs. 40.0% (*n* = 2/5) of InO-arm vs. SC-arm patients in the low, moderate, and high disease burden subgroups, respectively (Table [1](#Tab1){ref-type="table"}). Similar results were obtained when patients were categorized by baseline peripheral blast count, with significantly higher CR/CRi rates shown among InO-arm vs. SC-arm patients with peripheral blast counts of 0/µL, \>0--1000/µL, and \>1000/µL, respectively: 87.3% (*n* = 62/71) vs. 45.9% (*n* = 34/74), *p* \< 0.0001; 59.5% (*n* = 22/37) vs. 18.2% (*n* = 8/44), *p* \< 0.0001; and 65.5% (*n* = 36/55) vs. 19.5% (*n* = 8/41), *p* \< 0.0001. MRD negativity was achieved by 85.5% (*n* = 53/62) vs. 35.3% (*n* = 12/34), 68.2% (*n* = 15/22) vs. 50.0% (*n* = 4/8), and 66.7% (*n* = 24/36) vs. 37.5% (*n* = 3/8) of patients in the InO vs. SC arms with peripheral blast counts of 0/µL, \>0--1000/µL, and \>1000/µL, respectively.

In the InO arm, the post-treatment HSCT rate appeared to be independent of disease burden, whereas in the SC arm, the HSCT rate appeared lower in the high disease burden subgroup. Significantly more patients in the InO vs. SC arm proceeded to post-treatment HSCT across all categories of disease burden: 50.9% vs. 27.1% (*p* = 0.0072), 48.1% vs. 26.5% (*p* = 0.0022), and 46.7% vs. 3.3% (*p* \< 0.0001) in the low, moderate, and high BMB% subgroups, respectively. Most of these patients were in remission before transplant, with 88.9% (*n* = 24/27) vs. 72.7% (*n* = 8/11), 89.5% (*n* = 34/38) vs. 63.6% (*n* = 14/22), and 64.3% (*n* = 9/14) vs. 100% (*n* = 1/1) of InO-arm vs. SC-arm patients in CR/CRi at last assessment before HSCT. Generally, patients who appeared most likely to benefit with improved OS were patients in the InO arm with low or moderate disease burden who proceeded to HSCT after achieving remission (OS HR \[received vs. did not receive HSCT\]: 0.384, *p* = 0.0065; 0.338, *p* = 0.0001; and 1.057, *p* = 0.5461 for InO-arm patients with low, moderate, and high disease burden, respectively, SI Fig. S[2](#MOESM3){ref-type="media"}).

Among patients who achieved CR/CRi (including those who did and those who did not proceed to HSCT), DoR was generally longer in the InO vs. SC arm, and appeared longer in the low disease burden subgroup in both treatment arms. For InO-arm vs. SC-arm patients, the median DoR (95% CI, months) was 5.9 (4.3--8.8) vs. 3.6 (0.6--5.8), 5.3 (3.8--8.0) vs. 5.1 (2.7--12.3), and 4.9 (2.2--7.3) vs. 1.6 (1.0--3.1) for low, moderate, and high disease burden, respectively, and HRs (97.5% CI) were 0.379 (0.191--0.753), *p* = 0.0005; 0.994 (0.500--1.975), *p* = 0.4919; and 0.193 (0.042--0.884), *p* = 0.0035. Relapse rates in both treatment arms appeared higher in the high disease burden subgroup and lower in the InO vs. SC arm (33.3% \[*n* = 13/39\] vs. 86.4% \[*n* = 19/22\], 52.5% \[*n* = 31/59\] vs. 77.3% \[*n* = 17/22\], and 71.4% \[*n* = 15/21\] vs. 100% \[*n* = 5/5\] in the low, moderate, and high disease burden subgroups, respectively). For patients achieving CR/CRi, there were fewer deaths in remission in the high disease burden subgroup (InO vs. SC, *n*): 15/39 vs. 3/22, 15/59 vs. 3/22, and 3/21 vs. 0/5 for low, moderate, and high disease burden, respectively.

For all categories of disease burden, patients in the InO vs. SC arm had significantly improved PFS (HR \[97.5% CI\] 0.44 \[0.26--0.74\], *p* = 0.0001; 0.50 \[0.34--0.75\], *p* \< 0.0001; and 0.33 \[0.16--0.69\], *p* = 0.0002 for low, moderate, and high BMB%, respectively). The probability of 24-month PFS in the InO arm appeared to decline with greater disease burden (19.6%, 10.6%, and 6.5% for low, moderate, and high disease burden, respectively), and was either zero or not estimable (though ≤ 6.2%) in all subgroups in the SC arm (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Progression-free survival by bone marrow status.Kaplan--Meier plots show progression-free survival by baseline bone marrow blasts (\<50%, 50--90%, and \>90%) for patients in the (**a**) InO arm and (**b**) SC arm. *BMB* bone marrow blasts, *InO* inotuzumab ozogamicin, *PFS* progression-free survival, *SC* standard of care chemotherapy.

There was a trend towards improved OS in the InO vs. SC arm: HR (97.5% CI) 0.64 (0.39--1.07), *p* = 0.0260; 0.81 (0.54--1.20), *p* = 0.1109; and 0.60 (0.32--1.13), *p* = 0.0335, whereas median OS (95% CI, months) was 7.4 (5.2--11.5) vs. 9.1 (4.6--13.8), 7.7 (5.8--10.8) vs. 7.1 (4.9--9.4), and 7.3 (4.7--11.8) vs. 3.9 (2.1--5.0) for low, moderate, and high BMB%, respectively. The probability of 24-month OS was higher with InO vs. SC across all three subgroups, with a trend towards improved outcomes with lower disease burden in the InO arm (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Overall survival by bone marrow status.Kaplan--Meier plots show overall survival by baseline bone marrow blasts (\<50%, 50--90%, and \>90%) for patients in the (**a**) InO arm and (**b**) SC arm. *BMB* bone marrow blasts, *InO* inotuzumab ozogamicin, *OS* overall survival, *SC* standard of care chemotherapy.

In terms of response rates, InO vs. SC treatment also appeared to benefit patients with EMD/LBL, although the sample sizes were small. The CR/CRi rate was significantly higher with InO vs. SC (66.7% \[*n* = 12/18\] vs. 18.2% \[*n* = 2/11\], *p* = 0.0144), with a median DoR (95% CI, months) of 5.2 (1.8--not evaluable) vs. 5.4 (2.9--8.0); and HR 0.829, *p* = 0.4042. Among those achieving CR/CRi, *n* = 7/12 vs. *n* = 1/2 InO-arm vs. SC-arm patients were MRD-negative. The OS HR was 0.661 (97.5% CI, 0.269--1.621, *p* = 0.1478), with a median OS (95% CI) for InO vs. SC of 5.9 (3.4--9.4) vs. 5.5 (2.1--6.7) months. Concurrently, the median PFS (95% CI) was 4.4 (1.9--7.1) vs. 1.6 (0.8--3.7) months, with HR 0.502 (97.5% CI, 0.203--1.240, *p* = 0.0410). Among patients with baseline EMD, five of seven in the InO arm and two of five in the SC arm achieved CR/CRi, which includes resolution of EMD. For patients with documented LBL, *n* = 7/11 in the InO arm and *n* = 0/6 in the SC arm achieved CR/CRi. Among patients in the InO vs. SC arm, *n* = 4/59 vs. *n* = 2/41 relapses involved the development of new EMD.

Safety {#Sec9}
------

Dose reductions and temporary or permanent discontinuations due to TEAEs were either equally common or more common with InO vs. SC irrespective of disease burden (SI Table S[3](#MOESM2){ref-type="media"}). With InO, infections and infestations were the leading reasons for permanent discontinuation irrespective of disease burden. Compared with infections and infestations, hepatobiliary disorders were equally common reasons for permanent discontinuation in the low disease burden subgroup. Blood and lymphatic system disorders were the leading reasons for temporary discontinuation (SI Table S[3](#MOESM2){ref-type="media"}).

Irrespective of treatment arm or disease burden, the most frequent all-grade and grade ≥3 TEAEs were hematologic (Table [2](#Tab2){ref-type="table"} and SI Table S[4](#MOESM2){ref-type="media"}). The incidence of febrile neutropenia with InO treatment appeared to increase with increasing disease burden (17.0%, 21.5%, and 53.3% for low, moderate, and high disease burden, respectively), whereas with SC treatment, febrile neutropenia remained high for all disease burden subgroups (55.8%, 54.9%, and 46.4%). The rates of other hematologic TEAEs did not appear to vary substantially with disease burden (Table [2](#Tab2){ref-type="table"}). Grade ≥3 hematologic laboratory abnormalities, including decreased hemoglobin, leukocytes, neutrophil and platelet counts, and lymphopenia, appeared to increase with increasing disease burden in the InO arm, but did not appear to vary with disease burden in the SC arm (Table [2](#Tab2){ref-type="table"}).Table 2Treatment-emergent adverse events and hematologic laboratory abnormalities.Event, *n* (%)BMB \< 50%BMB 50--90%BMB \> 90%InO (*n* = 53)SC (*n* = 43)InO (*n* = 79)SC (*n* = 71)InO (*n* = 30)SC (*n* = 28)**TEAEs (grade≥3)**^**a**^ Any TEAE47 (88.7)42 (97.7)71 (89.9)69 (97.2)29 (96.7)26 (92.9) Blood and lymphatic system disorders41 (77.4)38 (88.4)62 (78.5)63 (88.7)26 (86.7)22 (78.6) Thrombocytopenia21 (39.6)29 (67.4)36 (45.6)42 (59.2)10 (33.3)14 (50.0) Neutropenia23 (43.4)18 (41.9)44 (55.7)36 (50.7)9 (30.0)8 (28.6) Anemia10 (18.9)22 (51.2)18 (22.8)29 (40.8)8 (26.7)11 (39.3) Leukopenia9 (17.0)19 (44.2)24 (30.4)28 (39.4)11 (36.7)6 (21.4) Lymphopenia9 (17.0)15 (34.9)12 (15.2)17 (23.9)5 (16.7)4 (14.3) Febrile neutropenia9 (17.0)24 (55.8)17 (21.5)39 (54.9)16 (53.3)13 (46.4) Hepatobiliary disorders11 (20.8)3 (7.0)13 (16.5)6 (8.5)4 (13.3)3 (10.7) VOD/SOS^b^7 (13.2)1 (2.3)10 (12.7)2 (2.8)2 (6.7)0 Hyperbilirubinemia4 (7.5)2 (4.7)3 (3.8)4 (5.6)3 (10.0)3 (10.7) Infections and infestations18 (34.0)25 (58.1)18 (22.8)38 (53.5)12 (40.0)15 (53.6) Bacteremia2 (3.8)4 (9.3)1 (1.3)5 (7.0)3 (10.0)1 (3.6) Neutropenic sepsis01 (2.3)2 (2.5)3 (4.2)3 (10.0)2 (7.1) Klebsiella bacteremia1 (1.9)1 (2.3)01 (1.4)03 (10.7) Sepsis1 (1.9)3 (7.0)3 (3.8)6 (8.5)1 (3.3)3 (10.7) Investigations18 (34.0)10 (23.3)23 (29.1)14 (19.7)8 (26.7)9 (32.1) GGT increased8 (15.1)4 (9.3)8 (10.1)2 (2.8)2 (6.7)1 (3.6) AST increased2 (3.8)1 (2.3)2 (2.5)2 (2.8)3 (10.0)2 (7.1) ALT increased1 (1.9)1 (2.3)3 (3.8)3 (4.2)2 (6.7)3 (10.7) Metabolism and nutrition disorders9 (17.0)8 (18.6)12 (15.2)16 (22.5)6 (20.0)7 (25.0) Hypokalemia4 (7.5)2 (4.7)6 (7.6)10 (14.1)1 (3.3)1 (3.6) Hypocalcemia002 (2.5)1 (1.4)1 (3.3)4 (14.3)**Hematologic laboratory abnormalities (grade≥3)** Activated partial thromboplastin time prolonged01 (2.3)2 (2.5)2 (2.8)3 (10.0)0 Hemoglobin decreased17 (32.1)27 (62.8)27 (34.2)54 (76.1)23 (76.7)20 (71.4) INR increased001 (1.3)1 (1.4)00 Leukocytes decreased36 (67.9)42 (97.7)66 (83.5)70 (98.6)29 (96.7)27 (96.4) Lymphopenia32 (60.4)38 (88.4)56 (70.9)58 (81.7)26 (86.7)21 (75.0) Neutrophil count decreased38 (71.7)36 (83.7)71 (89.9)56 (78.9)29 (96.7)22 (78.6) Platelet count decreased34 (64.2)42 (97.7)60 (75.9)71 (100.0)29 (96.7)27 (96.4) Prothrombin time increased01 (2.3)0000Data represent the safety population.TEAEs and hematologic laboratory abnormalities were graded according to the NCI CTCAE, version 3.0.*ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BMB* bone marrow blast, *GGT* gamma-glutamyl transferase, *InO* inotuzumab ozogamacin, *INR* international normalized ratio, *NCI CTCAE* National Cancer Institute Common Terminology Criteria for Adverse Events, *SC* standard of care chemotherapy, *TEAE* treatment-emergent adverse event, *VOD/SOS* veno-occlusive disease/sinusoidal obstruction syndrome.^a^All-causality TEAEs grade ≥3 with ≥10% incidence occurring in either arm (any treatment cycle, any BMB subgroup) are shown.^b^In July 2017 (after the clinical database was locked), a fourth case of VOD/SOS was confirmed to have occurred in an SC arm patient. This case of VOD/SOS occurred in March 2013, was not entered on the clinical report form, and is therefore not included.

Hepatotoxicity TEAEs were more common with InO vs. SC irrespective of disease burden, with a possible reduction in VOD/SOS rate in the high disease burden subgroup. With InO vs. SC, grade ≥3 VOD/SOS was reported in 13.2 vs. 2.3%, 12.7 vs. 2.8%, and 6.7 vs. 0% of patients with low, moderate, and high disease burden, respectively (Table [2](#Tab2){ref-type="table"}). Concurrently, post-HSCT VOD/SOS was reported in 25.9% (*n* = 7/27) vs. 7.7% (*n* = 1/13), 23.7% (*n* = 9/38) vs. 9.5% (*n* = 2/21), and 14.3% (*n* = 2/14) vs. 0% (*n* = 0/1) of patients.

Grade 5 TEAE incidence with InO treatment appeared to decline with increasing disease burden, whereas with SC, grade 5 TEAE incidence appeared to increase with increasing disease burden. Grade 5 TEAEs with InO vs. SC were reported in 22.6% (*n* = 12/53) vs. 7.0% (*n* = 3/43), 13.9% (*n* = 11/79) vs. 9.9% (*n* = 7/71), and 10.0% (*n* = 3/30) vs. 21.4% (*n* = 6/28) of patients with low, moderate, and high disease burden, respectively. There were no notable differences in TEAEs for patients with EMD/LBL compared with the overall analysis population.

Discussion {#Sec10}
==========

This post hoc analysis of the phase 3 INO-VATE trial confirms and extends previous reports of improved outcomes with InO compared with SC treatment^[@CR7],[@CR14]^. Our analysis confirmed that InO remains efficacious and has a similar safety profile for R/R ALL in patients with a high disease burden. It also showed that reports of improved remission and MRD-negativity rates with InO in different disease burden subgroups^[@CR7],[@CR14]^ extend to selected other endpoints. Moreover, the similar safety profile with InO for all disease burden subgroups, and its effectiveness in individual cases of EMD/LBL, are clinically relevant and support the use of InO in these challenging patient subpopulations.

Patients in the InO vs. SC arm had significantly improved CR/CRi rate, PFS, and HSCT rate in all three disease burden subgroups, with high (≥70%) CR/CRi rates with InO irrespective of BMB%. By contrast, CR/CRi rates in the SC arm were significantly lower for patients with high vs. low disease burden. In addition, most patients in the InO arm achieved CR/CRi irrespective of CD22 expression level (65.7 vs. 78.5% for patients with \<90% vs. ≥90% leukemic blast positivity, respectively)^[@CR14]^. CR/CRi rates also appeared higher in the InO vs. SC arm irrespective of salvage treatment phase, although the small sample sizes within disease burden subgroups precluded a robust comparison (data not shown). These high remission rates are clinically important since remission is required for proceeding to HSCT. Although some individuals \<25 years of age have achieved long-term remission (≤39 months) with chimeric antigen receptor T cell (CAR T) therapy^[@CR15],[@CR16]^, HSCT remains the established potentially curative treatment option, particularly for older adults with R/R ALL. The robust remission rate in the high disease burden subgroup of INO-VATE contrasts with another targeted treatment, blinatumomab, where remission rates were lower in patients with ≥50% BMB vs. \<50% BMB (29 vs. 73%)^[@CR5]^. Similarly, in another study, patients with higher BMB% (≥5% vs. \<5%) treated with CAR T cell therapy experienced poorer outcomes (remission rate 75 vs. 95%, median OS 12.4 vs. 20.1 months)^[@CR6]^. This may be due to limitations in number of CAR T cells, because high disease burden patients require more CAR T cells to create an effective ratio of CAR T cells to disease burden.^[@CR6]^

The improved CR/CRi rate seen with InO vs. SC, irrespective of disease burden, was consistent with improvements in other efficacy endpoints. For all BMB subgroups, the MRD negativity rate and the 24-month OS and PFS probabilities were higher in InO-arm vs. SC-arm patients. The high MRD negativity rates observed across all subgroups are consistent with phase 2 results for InO^[@CR13]^. This is clinically relevant since MRD negativity is a key prognostic factor for OS and post-transplant outcomes in the R/R setting, particularly in first salvage^[@CR17]--[@CR19]^. Despite these similar rates of CR/CRi and MRD negativity across BMB% subgroups in the InO arm, probabilities of 24-month OS and PFS appeared greater in the low BMB% subgroup, compared with moderate or high BMB%. This finding is consistent with the higher relapse rates observed in the high disease burden subgroup, and may suggest that additional factors besides disease burden have impacted on relapse rates and survival. Although small patient numbers limit the generalizability of results in patients with EMD/LBL, InO-arm vs. SC-arm patients with EMD/LBL showed a clinically important improvement in the remission rate, consistent with prior reports on the effectiveness of InO in patients with EMD^[@CR20]^. This may be an advantage of InO treatment, since the presence or history of EMD may predict poor responses to other therapies, including blinatumomab^[@CR8]^. Overall, these results across secondary endpoints and in patients with EMD/LBL further suggest that InO is superior to SC treatment, including patients with high disease burden.

Increased baseline disease burden did not negatively impact the safety profile of InO. Despite increased treatment cycles among InO-treated patients, overall TEAE incidence was similar between treatment arms. However, dose reductions and temporary and permanent discontinuations due to TEAEs were more common with InO vs. SC. Consistent with prior findings, the most common TEAEs were cytopenias^[@CR7],[@CR13]^. The incidence of febrile neutropenia was lower with InO vs. SC in the low and moderate disease burden subgroups, but similar with InO or SC in the high disease burden subgroup. Similar to previous reports, hepatotoxicity was more common with InO vs. SC^[@CR7],[@CR13]^. There were fewer deaths in remission in the high disease burden subgroup; and results suggested a possible reduction in VOD/SOS incidence among patients with high disease burden, which may suggest an impact of disease burden on InO exposure. Increased InO exposure has been associated with an increased risk of VOD/SOS following HSCT, leading to the recommendation that if proceeding to HSCT, InO exposure should be limited to two or fewer cycles (three cycles if necessary to achieve an MRD-negative CR/CRi)^[@CR11],[@CR12],[@CR21]--[@CR23]^. This is feasible considering that, in a prior report, most patients in the InO arm who achieved CR/CRi did so following the first cycle of treatment (73%)^[@CR7]^. A clinical trial is currently underway to investigate lower doses of InO and the impact of dose on the benefit-to-risk ratio of InO (NCT03094611). InO exposure has not been found to alter VOD/SOS risk among patients not proceeding to HSCT^[@CR21],[@CR23]^. Another factor found to be associated with post-HSCT VOD/SOS risk is pre-study HSCT^[@CR14]^. In the INO-VATE trial, prior HSCT was associated with post-HSCT VOD/SOS in the InO arm (odds ratio 6.02; *p* = 0.032)^[@CR14]^. In a combined analysis of two studies, InO-treated patients proceeding to HSCT had a lower non-relapse mortality rate and improved long-term survival if they had not previously received HSCT^[@CR22]^. These results differ from a report on CAR T cell therapy where AEs, including cytokine release syndrome (CRS) and neurotoxicity, were more common among patients with high vs. low disease burden (≥5% vs. \<5% BMB: 41% vs. 5% for severe CRS and 59% vs. 14% for severe neurotoxicity)^[@CR6]^. CRS appears to be less common (≤6% incidence) in blinatumomab-treated patients, but has been reported in patients with high disease burden^[@CR5],[@CR9],[@CR24]^. The lack of increase in AEs among InO-treated patients with high disease burden may be another advantage of InO treatment in this population.

This analysis has several limitations. Firstly, this is a post hoc subgroup analysis of INO-VATE and results should therefore be interpreted with caution. Also, patients with peripheral blasts ≥10 000/µL were excluded from the trial, which would have affected the enrolled patient population, and may impact the generalizability of these results. However, these impacts would be expected to affect both treatment arms equally, and InO provided substantial benefits compared with SC irrespective of baseline peripheral blast count or BMB%. BMB% was used as the primary measure of disease burden because it is a mandatory test for ALL diagnosis^[@CR25]^ and has been similarly used in previous ALL studies^[@CR5]--[@CR7],[@CR13]^. Although confidence intervals would have been impacted by the differing sizes of the disease burden subgroups, the optimal BMB% thresholds were selected based on the patient distribution. The \<50% threshold for low BMB% was derived from previous literature^[@CR5],[@CR7],[@CR13]^, the moderate (50--90%) threshold was selected because the majority of patients had BMB ≥ 50%, and the high (\>90%) threshold was added to allow an assessment of patients with the highest percentage of BMB while still allowing reasonable sample sizes. Consistent with previous reports from the INO-VATE trial^[@CR7]^, some of the survival curves in this analysis appeared to deviate from the proportional hazards model. Despite this limitation, Kaplan--Meier curves and HRs for OS showed a trend towards improvement with InO vs. SC treatment in all BMB subgroups, with a greater survival benefit at later time points, consistent with the benefit of InO vs. SC based on other endpoints. Although the overall prognosis remains poor among InO-arm patients with high disease burden (13.3% OS at 24 months), InO still provides substantially improved outcomes compared with SC treatment, with significantly improved remission rates, HSCT rates, and PFS. These improved outcomes, in turn, may contribute to the lower hospitalization burden seen with InO compared with SC treatment^[@CR26]^. The ability of InO to be delivered either in the inpatient or outpatient setting may also contribute to the positive benefit-to-risk ratio of InO treatment.

Our analysis indicated overall that, compared with the whole INO-VATE trial population, InO remains efficacious and retains a similar safety profile for R/R ALL patients in challenging subpopulations, including patients with high baseline disease burden. Our analysis extends previous reports of improved CR/CRi rate and MRD negativity among patients with various BMB% to additional endpoints, including HSCT rate and PFS. The safety profile of InO was similar for all disease burden subgroups, suggesting that high disease burden does not negatively impact the safety profile of InO. Patients with baseline EMD or LBL had similar efficacy and safety outcomes to patients without EMD or LBL. Potential directions for future research include investigating whether these positive results with InO in adult R/R ALL can be reproduced in the frontline setting, determining whether the benefits of InO could be further extended when administered in combination with other therapies, and examining the potential utility of InO in bridging patients with high disease burden to other novel therapies. In conclusion, this study supports the use of InO treatment across all baseline disease burden subgroups, including patients with high disease burden R/R ALL.

A plain language summary of this article is available in Supplementary Information (SI) Figure S1.
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